The main advantage of Bragg reflection from a multilayer mirror as a monochromator for hard X-rays, is the higher photon flux density because of the larger spectral bandpass compared with crystal lattice reflection. The main disadvantage lies in the strong modulations of the reflected beam profile. This is a major issue for micro-imaging applications, where multilayer-based monochromators are frequently employed to deliver high photon flux density. A subject of particular interest is the origin of the beam profile modifications, namely the irregular stripe patterns, induced by the reflection on a multilayer. For multilayer coatings in general it is known that the substrate and its surface quality significantly influence the performance of mirrors, as the coating reproduces to a certain degree the roughness and shape of the substrate. This proceedings article reviews recent experiments that indicate potential options for producing wave front-preserving multilayer mirrors, as well as new details on the particular mirrors our group has extensively studied in the past.
INTRODUCTION
Microimaging techniques are very photon flux demanding. Hence, especially at synchrotron light sources more and more multilayer mirrors are used for monochromatization due to their larger spectral bandpass with respect to crystal-based devices when, for example, microtomography is performed 1, 2 . Double-multilayer monochromators are commercially available, including the mirrors and in-vacuum mechanics [3] [4] [5] . Despite the increasing demand for wave front-preserving multilayer mirrors, little is known about how the reflection from such a mirror affects the wave front in terms of homogeneity and coherence properties 6 . This knowledge is of crucial importance: (i) the widely applied phase-sensitive imaging techniques are strongly dependent on the wave front properties 7 , (ii) high-definition microtomography requires homogeneous wave fronts to produce artifact-free data sets which are required for a subsequent volume image analysis and hence, takes the technique away from being considered just an academic tool 8 and (iii) other contrast modalities such as scanning tomography exploiting the powder-diffraction based signal would benefit from the larger photon flux downstream of a multilayer monochromator 9 . Consequently, our group has investigated different multilayers and the corresponding reflected wave fronts at ESRF and different beamlines around the globe. Multilayer mirrors of larger dimension were studied, all of them permanently installed at the ID19 beamline of the European Synchrotron Radiation Facility (ESRF, France) as well as the TopoTomo beamline of the ANKA light source (Germany) 4, 10 : The initial studies were basically confirmed, i.e. that parameters such as d-spacing and the number of bilayers grown have negligible influence on the wave front preservation properties. Of the various multilayers coating tested the Pd/B 4 C coating yielded the smoothest wave fronts 11 . In order to exclude beamline specific effects the initial mirrors were studied again at other beamlines including at other light sources 12 . A round robin test was initiated between different multilayer deposition *arack@snafu.de; phone +33 476 88-1781; fax +33 476 88-2785; www.esrf.eu facilities which revealed that for textbook-like coatings such as W/B 4 C a high level of reproducibility in terms of wave front preservation is reached despite the fact that different facilities applied the coating 13 . The corresponding detailed protocol on how to study the wave front preservation properties of a reflective X-ray optical element in a quantitative manner was published 14, 15 . Research carried out by other groups in the last years confirmed the theory that the substrate plays a crucial role for the homogeneity of the reflected wave front 16 . This proceedings article shall report the current status of our work.
THE BEAMLINE EXPERIENCE
Modifications of a wave front due to reflection on a multilayer mirror are commonly related to the coherence properties of the impinging wave front 6 . Therefore the beamline layout such as the X-ray optical elements used including the length of the beamline play an important role together with intrinsic properties such as the effective source size. In order to emphasize that the requirements to introduce stripes in a wave front due to reflection from a multilayer are rather relaxed, i.e. basically fulfilled by most beamlines, wave front images have been collected and published in recent years 6, [11] [12] [13] [14] . The example shown in Fig. 1 was acquired at the SYRMEP beamline of the Elettra light source (Italy) 25 . The bending magnet beamline was operated with a double-crystal monochromator (placed around 16 m downstream of the source) set to 18 keV X-ray photon energy. Pictures of the wave front were recorded by an indirect detector (2.2 µm effective pixel size) placed around 25 m downstream of the source. The left picture of Fig. 1 shows the wave front as it is, horizontal stripes are already present due the beamline's beryllium window (placed around 13 m downstream of the source). The right picture of the same figure shows the wave front after additional reflection on a W/B 4 C multilayer (ESRF deposition facility, 2 nm d-spacing, further details on the coating procedure are published) 13, 17 . The multilayer introduces an additional stronger stripe pattern. Similar behavior has been observed at other beamlines/other light sources as well. This highlights that modifications of the wave front related to multilayer-reflection are a common problem to all those instruments requiring higher photon flux for phase-sensitive full-field imaging. Figure 1 . The wave front at the SYRMEP beamline (Elettra light source, Italy). Left: after passing the crystalmonochromator set to transmit 18 keV photon energy, horizontal stripes are present due to the beamline's exit window made of beryllium, right: the wave front after additional reflection on a W/B 4 C multilayer (2 nm d-spacing, ESRF deposition facility) which introduces an additional more pronounced stripe pattern 13 .
BEAMLINE ROUND ROBIN (CONTINUED)
A common criticism of the initial study on the wave front preservation properties of multilayer mirrors was that the impact of the beamline properties such as layout, X-ray optical elements or effective source dimensions were not adequately discussed 6 . Hence, beamline round-robins were carried out, i.e. images of wave fronts reported in the initial paper which were recorded at ESRF beamline BM05 were reproduced for example at ESRF beamline ID19 and 32-ID of the Advanced Photon Source (USA) 13 . The pictures of wave fronts acquired after reflection on the Pd/B 4 C and Mo/Si multilayer mirrors (2.5 nm d-spacing each) from the original study depicted in Fig. 2 were acquired at the tomography beamline 8. horizontal deflection geometry due to the available mechanical mounts the mirrors were set to a Θ angle of 1 degree (14.4 keV X-ray photon energy). At a distance of 0.9 m downstream of the mirror a high resolution detector was positioned to record the images of the wave front (1.3 µm effective pixel size, 5× Mitutoyo objective (0.14NA) combined with a sCMOS camera type pco.edge by PCO AG (Germany)). The pictures shown were rotated by 90 degree for reproduction as well as a 3 × 3 Median filter was applied to reduce high-energy spikes. The top image in Fig. 2 shows the beam as reflected by the Mo/Si multilayer mirror: a vertical stripe pattern is visible, similar to the SYRMEP beamline related to the Be exit window of the beamline. Dark spots are visible as well due to surface damages (i.e. damages due to non-proper storing or handling) or contamination of the mirrors. A low-spatial frequency horizontal stripe pattern can be identified as well, weakly pronounced due to the comparably short distance between multilayer and detector. The bottom picture of the same figure is taken after reflection on the Pd/B 4 C multilayer mirror. It shows the same vertical stripe pattern as well as dark spots. A horizontal stripe pattern is hardly visible. As previously reported several times, some Pd/B 4 C multilayer mirrors are capable of supplying a more homogeneous reflected wave front 6, 13 . Figure 2 . Images of wave fronts acquired after reflection on a Mo/Si multilayer mirror (top) and Pd/B 4 C mirror (bottom, both 2.5 nm d-spacing, further details on the mirrors and coating parameters are published) 6 at the tomography beamline 8.3.2 of the Advanced Light Source (USA) 18 . Note that a horizontal reflecting geometry was used while the images were rotated by 90 degree for the reproduction in this article. The vertical line pattern (actually horizontal) is present in both pictures and related to the beamline's exit window made of beryllium (cf. as well Fig. 1 ) as well as dark spots related to surface imperfections of both mirrors due to damages or contamination. Horizontal stripes are mainly present for the Mo/Si multilayer due to wave front imperfections introduced by reflection on the multilayer, for Pd/B 4 C the modulations are very weak related to the rather short mirror-detector distance.
WHITE-LIGHT INTERFEROMETRY
The surface roughness of reflective synchrotron optics is usually measured using an interferometric microscope (often referred to as white-light interferometer (WLI)). A Micromap Promap 512 was applied to investigate mirrors used in the initial study (Mo/Si and Pd/B 4 C as in the previous section) 6 . Such instruments are commercially available and have been described in the literature 19 . The focus of interest is set on the mid-spatial frequency domain. The samples have been measured with the WLI in a Michelson-interferometer configuration of magnification 2.5× which covers a measurement area of 1.882 mm 2 . This allows one to characterize the micro-roughness on a spatial frequency range from 1882 µm -1 to 6 µm -1 . Fig. 3 shows the measurement results for the micro-roughness of the two multilayers in comparison to a super polished Si-substrate as well as pictures of the corresponding wave fronts acquired at ESRF beamline ID19 (details on the applied protocol are published) 10, 14, 20, 21 . Mainly on the Pd/B 4 C coating a significant increase of the micro-roughness (0.69 nm rms) of factor 8 is found while the Mo/Si (0.16 nm rms) shows a factor of two increase compared to the uncoated Si (0.08 nm rms). Beside the higher value for the micro-roughness the measurements on the Pd/B 4 C shows dots statistically distributed on the sample as well as streaks which can be assumed both to have an impact on the optical as well as wave front preservation properties. The slightly higher roughness on the Mo/Si is to be assumed to cause mainly scattering only. It is worth to note that due to the X-ray reflectivity measurements published in frame of the original study the roughness of all mirrors is supposed to be similar. Hence, WLI for the first time delivers an indicator that the mirrors have different roughness properties 6 . A rough mirror can act as mild diffuser which can for example also lead to a more homogeneous wave front as outlined in the next section of this proceedings article.
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Si substrate (blank)
Mo/Si Pd/B 4 C Figure 3 . Top: wave fronts after reflection on the corresponding multilayer (2.5 nm d-spacing) as measured at beamline ID19 (ESRF) 10, 14 , round objects visible are related to imperfections of the beamline's exit window made of Be 23 , bottom: WLI results of the indicated mirrors as well as of blank super-polished Si substrate (note the different color code). On the Pd/B 4 C coating a significant increase of the micro-roughness is found while the Mo/Si shows minor increase compared to the uncoated Si. Pd/B 4 C shows dots statistically distributed on the sample as well as streaks as already indicated in the initial study 6 .
FURTHER MULTILAYER OPTIONS
Frequently beam diffusers are used at synchrotron light sources in order to improve the homogeneity of the wave front 23 . The interlayer roughness of a deposited multilayer is assumed to act in a diffusing manner as well, i.e. can be the reason why reflection on a multilayer mirror can affect the coherence properties of a wave front stronger than for example in comparison with a crystal-based device 6 . In order to study the impact of the interlayer roughness on the wave front, a super-polished Si substrate was partially coated with a W/B 4 C stripe (120 bi-layers, 2 nm d-spacing) according to parameters published before at the ESRF multilayer deposition facility 13, 17 . Next to this stripe a second multilayer stripe was deposited, using the same parameters while the pressure in the coating facility was increased from 1 µbar to 5 µbar leading to an increased interlayer roughness (a third stripe deposited at 10 µbar was found to be poorly reflecting and not useful for imaging at all). The corresponding characterization is depicted in Fig. 4 : on the left-top the wave front as acquired at beamline ID19 (ESRF) and the corresponding coherence characterization by means of Talbot imaging 14 below (characterizations by means of X-ray reflectivity scans are depicted on the bottom of Fig. 4) . Stripe pattern and coherence properties are similar to other multilayer mirrors previously studied in the same manner 14 . On the right the wave front for the reflection on the multilayer deposited at 5 µbar is shown as well as the Talbot visibility study (the dspacing is 1.78 nm according to X-ray reflectivity characterization): while the coherence is only minor affected by the increased interlayer roughness of the multilayer the intensity of the stripe pattern, i.e. for example the peak-to-valley intensity between the dark and the bright stripes is substantially reduced. Furthermore, high-spatial frequency stripe components are less present. Commonly, such a wave front can be considered as better-suited for a simple flat field correction with respect to the wave front shown on the left. The coherence properties are sufficient to perform inline 10, 14 , middle: corresponding coherence measurements using Talbot imaging 14, 15 , bottom: X-ray reflectivity characterization.
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phase-contrast X-ray imaging by means of a propagation-based approach in combination with single-distance phaseretrieval techniques 7 .
SUMMARY & OUTLOOK
The various studies carried out in recent years have demonstrated the need to further deepen our understanding on how the reflection on a multilayer mirror affects the properties of the reflected wave front. The origin of the wave front inhomogeneities, i.e. the irregular stripe pattern can be addressed to surface imperfections of the substrate. To verify this hypothesis a very low figure error Si substrate has been acquired and is going to be coated with a standard multilayer 24 . In order to explain in detail the different wave fronts reported, numerical modeling of (partially) coherent wave fronts reflected on (rough) multilayer coatings will be required.
